BACKGROUND: Spine surgery is complicated by an incidence of 1% to 9% of surgical site infection (SSI). The most common organisms are gram-positive bacteria and are endogenous, that is are brought to the hospital by the patient. Efforts to improve safety have been focused on reducing SSI using a bundle approach. The bundle approach applies many quality improvement efforts and has been shown to reduce SSI in other surgical procedures. OBJECTIVE: To provide a narrative review of practical solutions to reduce SSI in spine surgery. METHODS: Literature review and synthesis to identify methods that can be used to prevent SSI. RESULTS: SSI prevention starts with proper patient selection and optimization of medical conditions, particularly reducing smoking and glycemic control. Screening for staphylococcus organisms and subsequent decolonization is a promising method to reduce endogenous bacterial burden. Preoperative warming of patients and timely administration of antibiotics are critical to prevent SSI. Skin preparation using chlorhexidine and alcohol solutions are recommended. Meticulous surgical technique and maintenance of sterile techniques should always be performed. Postoperatively, traditional methods of tissue oxygenation and glycemic control remain essential. Newer wound care methods such as silver impregnation dressing and wound-assisted vacuum dressing are encouraging but need further investigation. CONCLUSION: Significant reduction of SSIs is possible, but requires a systems approach involving all stakeholders. There are many simple and low-cost components that can be adjusted to reduce SSIs. Systematic efforts including understanding of pathophysiology, prevention strategies, and system-wide quality improvement programs demonstrate significant reduction of SSI.
S
urgical site infections (SSI) are the most common hospital-acquired infections (HAI) and occur in 1.9% of all surgeries. SSI leads to increased morbidity, reoperation, readmission to the hospital, poorer outcomes, and increased costs. There is growing public awareness, and efforts to reduce infection are ongoing at all levels of care. The United States Center for Disease Control classifies SSI as ABBREVIATIONS: HAI, hospital-acquired infections; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; NHSN, National Healthcare Safety Network; NPWT, negative pressure wound therapy; RCT, randomized controlled trial; RR, relative risk; SSI, Surgical site infections superficial, deep, or organ space. 1 A superficial infection occurs within 30 days of surgery involving only the skin and subcutaneous tissues and is associated with one of the following: purulent drainage, positive culture obtained aseptically, wound opened by surgeon or designee, or diagnosis as such by surgeon. A deep infection occurs within 30 or 90 days depending upon procedure; a laminectomy is rated at 30 days while fusion at 90 days and involves the fascia and muscles along with one of the following: purulent drainage from deep tissues, a dehiscence or opening by surgeon with positive identification of microorganisms, abscess, or other histologic signs of infection. An organ space infection occurs deep to the muscles and fascia and has the same criteria as deep infection. Systematic efforts including understanding of pathophysiology, prevention strategies, and system-wide quality improvement programs demonstrate significant reduction of SSI. This manuscript updates the current evidence of best practices to reduce SSI, concentrating on the modifiable factors.
EPIDEMIOLOGY OF SPINAL SSI Incidence in Spine Surgery
The incidence of SSI varies widely and depends upon many factors including case mix, indications, intensity of procedure, and local practices. The National Healthcare Safety Network (NHSN) reports data on HAI from over 1545 hospital facilities in the United States. 1 The NHSN uses a risk-adjusted methodology based on American Society of Anesthesiologists Physical Status score ≥3; wound classification as dirty or contaminated; and duration of procedure ≥75 percentile. One point is scored for each risk and summed, thus risk is scored from 0 to 3. Spine procedures included are laminectomy (including discectomy), spinal fusion, and refusion of spine (Table 1) . Cervical, thoracic, and lumbar are pooled together. Risk-adjusted SSI rates range from 0.72% for laminectomy with no risk factors to 8.7% for refusion in patients with 3 risk factors (Table 1) . Spine fusion SSI is similar to SSI for hip arthroplasty and craniotomy while laminectomy has a lower risk. These data allow individual centers to set comparison benchmarks based on risk stratifications. The NHSN data were collected in 2006-2008 largely before systematic efforts to reduce HAI were instituted and thus represent a high benchmark.
In the Medicare population, Kurtz et al 2 reported the rate of SSI in instrumented patients as 8.5% in primary fusions and 12.2% in revisions. These are significantly higher than NHSN and may reflect a higher risk pool and differences in definitions of SSI.
Risk Factors
Many studies have identified risk factors for SSI in spine surgery. A recent meta-analysis reported 13 risk factors that were statistically significant (Table 2) . 3 Those that are modifiable through patient selection and optimization include smoking status, diabetic control, obesity, and early attention to urinary tract infections. Although age was not a significant factor, other studies have shown older age is a significant risk factor independent of comorbidities.
Effect of SSI on Outcome
Petilon et al 4 performed a propensity-matched study of 30 lumbar fusions patients having SSI comparing outcomes at 2 years. He found that the infected group had more pain, poorer quality of life, and worse Oswestry function outcomes. Further, fewer patients, 27% vs 60%, failed to reach minimally clinically important differences in Oswestry scores. Kuhns et al 5 reported that 1-year pain and functional outcomes were not adversely affected by SSI after posterior cervical fusion. In another retrospective cohort study after lumbar fusion, Falavigna et al 6 found that pain and function outcome was unaffected by SSI but satisfaction was significantly poorer.
Costs
Another consequence of SSI is increased costs of additional hospitalization. Bernatz and Anderson 7 reported in a metaanalysis that 48% of 30-day readmissions after spine surgery were for SSI, the most common cause of readmission. Yeramaneni NEUROSURGERY VOLUME 80 | NUMBER 3 | MARCH 2017 Supplement | S115 et al 8 found that SSI treatment cost ranged from $15 800 to $38 700 in adult deformity cases, and Kuhns 5 found that posterior cervical wound infections increased costs by $12 600.
PATHOGENESIS OF SSI
The etiology of postoperative infection is multifactorial and often related to a combination of preoperative, intraoperative, and postoperative factors. SSI usually occurs through direct entry during the surgical procedure. [9] [10] [11] The most common source of this contamination is from the patient's endogenous skin flora. Other causes of infection include operating room personnel, hematogenous seeding, or early postoperative contamination.
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Although the most common skin bacteria are coagulasenegative Staphylococcus, Propionibacterium acnes (P. acnes), and Corynebacterium, 12 the most frequent pathogen that causes SSI is Staphylococcus aureus, 13 which accounts for approximately 50% of all SSIs.
14 Methicillin-resistant strains are relatively common and account for up to 35% of S. aureus infections in primary cases and up to 48% in revision surgery. 15 Staphylococcus epidermidis (coagulase-negative staph) is another common organism that is often associated with the use of spinal instrumentation and accounts for up to 31.4% of SSIs. 15 Gram-negative bacteria (Enterococcus, E. coli, and Peptostreptococcus) are found in 30% percent of SSIs, occurring more commonly at the lumbosacral junction due to proximity to the perianal area. In a recent study, surprisingly, urinary tract infection was not associated with SSI risk after spine surgery. 16 Propionibacterium acnes is an anaerobic organism that is also part of the normal skin flora. Recently, it has been identified as a common cause of delayed surgical site infection and is commonly associated with the use of spinal instrumentation. 17 Propionibacterium acnes is a slow-growing organism that requires extended incubation time for growth; therefore, appropriate handling in the microbiology laboratory is essential to identify this organism as the cause of SSI.
The bacterial load required to cause infection depends on many variables, including the virulence of the organism, the condition of the wound, and the host immunocompetence. 18 Unfortunately, there has been an emergence of SSIs being caused by antimicrobial-resistant pathogens, such as methicillin-resistant S. aureus (MRSA) and vancomycin-resistant enterococci.
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BUNDLED APPROACH TO QUALITY IMPROVEMENT
Reduction of SSI requires a system-wide effort with all stakeholders becoming involved. This will include a culture change whereby all team members, including the patient, become empowered to prevent SSI. This requires leadership, which should be provided by a surgeon; however, it needs to include nursing, hospital administration, anesthesia, housekeeping, and infection control. In addition, outdated and potentially harmful practices need to be optimized. This can be difficult and is best accomplished by including those individuals in the project and by transparency of results. Effective quality-improvement programs such as LEAN and Six Sigma should be considered as they have proven effective in healthcare and changes can occur quickly. 19 Prevention strategies need to be applied to all phases of care including preoperatively before hospitalization, preoperatively the day of surgery, intraoperatively, and postoperatively.
SSI should be considered a system's failure and therefore changes at many points and steps may need to occur. Bundles are common responses to these failures and are structured processes, which, when performed collectively and continuously, are aimed to reduce the risk of SSI. Vitale et al 20 proposed 14 consensus recommendations to prevent SSI in high-risk pediatric spine patients. Ryan et al 21 utilized such a system in pediatric spine and found a reduction of SSI from 5.8% to 2.3% and that the majority of recently infected cases occurred when noncompliance to the protocol occurred. It is important to include patients and families as they have also been shown to be important in prevention strategies and that noncompliance was associated with poverty, prior history of spine surgery, and longer time elapsed between instructions and surgery.
22
PATIENT OPTIMIZATION PRIOR TO HOSPITALIZATION
Several risk factors for SSI can be modified to lessen the risk in spine surgery patients including optimizing glycemic states, smoking cessation, and obesity management. 3, 23 These risk factors need to be considered for patient selection, avoiding surgery when these risks are deemed prohibitive. Optimizing the modifiable risk factors during the preoperative period and its implications are discussed below.
Glycemic Control
Due to the disruption of the vascular system in patients with diabetes, SSIs are increased in this patient population. In a meta-analysis, Meng et al 3 reported an odds ratio (OR) of 2.04 with a 95% confidence interval (CI) 1.69 to 2.46 of increased infection rates among diabetic patients. 3 Additionally, patients with diabetes have also been shown to have worse patient-reported outcomes up to 2 years after spine surgery. 24 Thus, it is recommended that hemoglobin A1C values be measured during the preoperative period. In a study by Hikata et al, 25 patients with diabetes and hemoglobin A1C values <7 had a 0% infection rate, whereas patients with values >7 had an infection rate of 35.3%. Even though the patient numbers in this study are low, these results raise the real possibility that tighter glycemic control may mitigate risk of SSI.
Smoking Cessation
Meng et al 3 reported that smoking had an increased relative risk (RR) of infection of 1.17 with a 95% CI 1.03 to 1.32 after spine surgery. In a systematic review performed by Thomsen et al, 26 it was noted that surgical complications were nearly halved in patients who successfully stopped smoking prior to surgery; OR, 0.56. Therefore, smoking cessation is critical to optimally preparing patients prior to spine surgery, even though the optimal preoperative intervention of smoking cessation techniques remains unknown. A recent Cochrane review 27 suggests that a combination of cognitive and behavioral therapy and nicotine replacement therapy yields the best results. To be effective, smoking cessation needs to occur 4 to 8 weeks prior to surgery. 27 Smoking cessation of less than 4 weeks does not impact the risk of SSI.
Obesity
The risk of SSI in obese patients remains a challenge, given the increasing prevalence of obesity reported in the US at 34.9% of adults. 28 Mehta et al 29, 30 found that the distribution of adipose tissue, the skin-to-lamina distance, and the thickness of the subcutaneous tissue were significantly associated with increased SSI rates likely due to increased tissue disruption, creation of a larger dead space, and increased operative times and may serve as a better surrogate for risk of SSI in obese patients. Obesity is also associated with many comorbidities that may increase risk for SSI including diabetes. 31 Despite how obesity is measured or the comorbidities associated with obesity, SSI rates are strongly correlated with its diagnosis. Meng et al 3 reported increased risk of infection in patients with a body mass index >30 kg/m 2 with an OR of 2.13 and a 95% CI 1.55 to 2.93, the strongest predictor of all 3 of the modifiable risk factors. 3 Therefore, preoperative optimization of body weight is critical in order to minimize SSI, although the prospective reduction of substantial weight in the obese has not been shown to diminish the RR of SSI. Interventions such as dietary counseling, referral to a bariatric surgeon for consideration of banding or gastric bypass procedures, as well as exercise counseling may be required prior to performing elective spine surgery.
Screening and Eradication
Screening for nasal carriage of methicillin-sensitive S. aureus (MSSA) and MRSA and treatment by eradication are commonly used to reduce SSIs. Investigations in orthopedic and spine surgery have shown that 18% to 25% of patients undergoing elective surgery are MSSA carriers and 3% to 5% are MRSA carriers. 32, 33 Carriers of MSSA are 2 to 3 and MRSA 8 to 10 times more likely to have an SSI. 33 Carriers of MSSA and MRSA are identified by nasal swabbing and analysis by polymerase chain reaction at least 5 days prior to surgery. Patients that are Staphylococcus positive are decolonized and are treated with 2% mupirocin ointment applied intranasally and with 2% chlorhexidine gluconate (CHG) showers for 5 days before the surgical procedure. If the patient is positive for MRSA then vancomycin 15mg/kg is given prior to skin incision and for 24 h after surgery.
Bode et al 34 conducted a randomized controlled trial (RCT) of staphylococcus carriers. Positive carriers were randomized into either mupirocin plus chlorhexidine or placebo control groups. The placebo group had greater than twice the rate of SSIs, and deep infections were significantly lower in patients that received eradication therapy. Kim et al 33 found similar results in a series of greater than 7000 patients followed for a minimum of 2 years. Roughly one-third of patients in this series underwent elective spine surgery. Sporer et al 35 found that preoperative screening and the use of 5-day decolonization significantly reduced the rate of infection in patients undergoing elective joint arthroplasty. Roa et al 36 reported similar results in another series of arthroplasty patients. Barbos et al 37 retrospectively looked at whether treatment of staphylococcus-positive members of the orthopedic team could reduce postoperative infections: there was a 6% infection rate before screening and treatment which was reduced to 0 in 300 cases following treatment.
Antiseptic Showers
Preoperative showering with antiseptic agents such as CHG is felt to reduce bacterial burden and SSI risk. A Cochrane review found no significant data to justify the use of preoperative cleansing as a strategy to prevent surgical site infections. 38 A meta-analysis by Chlebicki et al 39 noted similar findings, with the caveat that most studies they evaluated did not provide details of the chlorhexidine application. However, a systematic review and meta-analysis by Schweizer et al, 40 as well as a recent review by Savage et al 41 found that a prescreening program, followed by the use of mupirocin nasal ointment and chlorhexidine showers, can decrease the incidence of postoperative wound infection.
The timing and frequency of CHG showers may affect efficacy. Edmiston et al 42 found that pausing 1 or 2 min before rinsing compared with the no pause group significantly increased the chlorhexidine skin concentration. The number of showers (2 vs 3) and length of pause (1 vs 2 min) did not make a significant difference.
The preponderance of recent evidence suggests that a standardized screening and eradication regimen can significantly reduce the rate of SSI in patients undergoing a variety of elective surgical procedures.
PREOPERATIVE DAY OF SURGERY Antiseptic Dressings
Since the majority of organisms that infect surgical wounds are endogenous flora, efforts to decrease bacterial burden at the time of surgery have been proposed. One method is the use of an antiseptic dressing or cloth applied to the surgical site the night before and morning of surgery. In historical controlled studies, chlorhexidine impregnated dressings (Sage Products, LLC, Cary Illinois) have shown a significant reduction in the rate of SSI after orthopedic surgery. [43] [44] [45] There is no literature specifically looking at the efficacy of using a Sage cloth or other antiseptic dressings to decrease the rate of SSI after spine surgery, although an ongoing RCT is actively recruiting patients (NCT02490631).
Perioperative Antibiotics
Prophylactic antibiotic therapy has been shown to reduce the risk of postoperative infection after orthopedic and neurological surgeries. 46, 47 A recent meta-analysis of RCTs on the efficacy of prophylactic antibiotics in spinal surgery demonstrated a significant reduction in SSI, with a 63% reduction of SSI with the use of perioperative antibiotics. 48 Many organizations, including the North American Spine Society, have developed guidelines for the use of perioperative prophylactic antibiotics in spine surgery. The timing of prophylactic antibiotics is critical and high serum and tissue levels should be achieved prior to surgery. Recently, the administration of antibiotics within 30 min of surgery was shown to significantly decrease the risk of SSI compared to 30 to 60 min prior to incision. 49 In general, it is recommended that antibiotics should be redosed every 4 h for longer surgical procedures.
A broad-spectrum antibiotic with excellent coverage of S. aureus, such as a first-or second-generation cephalosporin, should be used as prophylaxis. In patients who have an allergy to betalactam antibiotics (penicillin), clindamycin can be substituted. Vancomycin should be used as little as possible because of the risk of developing bacterial resistance; however, it is the antibiotic of choice in patients who test positive for MRSA colonization preoperatively. Although it is likely that a single dose of prophylactic antibiotic is sufficient, most guidelines support the use only for the first 24 h. The use of subfascial drains in spine surgery should not alter the duration of prophylactic antibiotic use. In highrisk pediatric deformity surgery, such as neuromuscular scoliosis, preoperative cephalosporin and antibiotic against gram-negative microorganisms as well as wound vancomycin is recommended. 20 
Preoperative Warming
Preclinical data support that intraoperative hypothermia is associated with increased risk of SSI. 50, 51 The relevant pathomechanism likely involves lesser tissue perfusion with consequent hypoxia and increased vulnerability to infection. The utility of patient warming to normothermia has been examined in RCT format for clean surgery, finding that the warmed group sustained fewer infections and required fewer courses of antibiotic therapy postoperatively. 52 Andrzejowski et al 53 studied prewarming on postinduction core temperature through elective cervical or lumbar spine surgery procedures. The duration of prewarming was 72 ± 26 min with, thereafter, smaller decreases in core temperature throughout the procedure and fewer patients experiencing intraoperative hypothermia. More recently, a retrospective cohort study of 334 pediatric spine deformity surgery procedures was reported by Gorges et al 54 who found that prewarming was associated with reduction in the need for transfusion, although not with the incidence of SSI. Further, the ideal temperature to which warming should be targeted remains uncertain, with new preclinical data suggesting that following hypothermia, in Vitro macrophages do not normalize function upon warming to 37
• C but only warming to 39
• C fully reverses the effects of hypothermia.
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INTRAOPERATIVE
Skin Antisepsis
The goal of intraoperative skin preparation is to sterilize the skin just prior to incision in order to minimize the risk of direct inoculation of bacteria from the normal skin flora. The most commonly used skin preparation solutions are iodine and chlorhexidine combined with isopropyl alcohol compounds. Three prospective RCTs have been performed in patients undergoing orthopedic surgery.
12,56,57 Savage et al 12 reported 100 consecutive lumbar spinal surgery patients, finding no differences between ChloraPrep (2% CHG and 70% isopropyl alcohol; Enturia, El Paso, Texas) and DuraPrep (0.7% available iodine and 74% isopropyl alcohol; 3M Healthcare, St. Paul, Minnesota) in the rate of positive culture results after skin preparation.
The ideal skin preparation solution to reduce the risk of SSI remains unclear. Several prospective RCTs have compared ChloraPrep and DuraPrep and the results are conflicting, with results favoring each preparation solution. 58, 59 A recent metaanalysis of the literature concluded that alcohol-based agents are likely superior to aqueous solutions and that chlorhexidine may decrease SSI rates compared to povidone-iodine (DuraPrep, 3M Healthcare). The study acknowledged that the existing quality of data is moderate and that large-scale prospective RCTs with appropriate treatment comparisons are needed to establish the optimal and most cost-effective preoperative skin preparation in various operations and wound classifications. 60 
Surgical Hand Antisepsis
Hand hygiene plays a critical role in preventing SSI. The current choices of antiseptic mimic those used for the patient scrub and are either chlorhexidine-based or povidone-iodinebased solutions. Fletcher et al 62 summarized the most contemporary evidence regarding surgical hand antisepsis and found that chlorhexidine-based scrubs more effectively decreased skin colony counts; however, they also found no difference in the incidence of postoperative infection rates. 61 A recent Cochrane review also found that there is no firm evidence that one type of hand antisepsis is better than another in reducing SSIs. 63 Artificial fingernails have been shown to increase the risk of harboring a pathogen compared to controls 63 ; however, no guidelines exist regarding the use of artificial nails in the healthcare environment.
Intraoperative Hypothermia
Perioperative core body temperature likely has an effect on the risk of developing an SSI. A recent Cochrane review concluded that forced-air warming seems to have a beneficial effect in terms of a lower rate of SSI and complications, at least in those undergoing abdominal surgery. 64 Furthermore, in a large series of patients undergoing gastroenterological surgery, perioperative hypothermia was shown to significantly increase the risk of developing an SSI. Therefore, normothermia should be a goal of intraoperative anesthetic care.
Surgical Gloves
Historically, double gloving is a technique used in orthopedic surgery for the protection of the surgeon and to decrease the risk of SSI. Conclusions from a Cochrane review are that double gloving significantly decreases glove perforations and indicator gloves of a different color allow earlier detection of a perforation. 65 Rehman et al proposed a theory that after initial double gloving, with removal of the outer gloves prior to handling instrumentation, SSI rates might be reduced. 66 This study evaluated 179 patients undergoing lumbar spinal fusion with instrumentation using a posterior approach. A significant reduction in SSI was noted with removal of the surgeon's outer pair of gloves prior to handling instrumentation, compared to wearing the same pair of double gloves the entire time.
Topical Vancomycin Powder
Topical antibiotics provide a high concentration of antibiotic without the systemic effects. Intraoperatively, localized vancomycin powder is applied as a white-tan-lyophilized powder and is distributed subfascially, suprafascially, or equally throughout. Vancomycin is active against gram-positive organisms including MSSA and MRSA.
Meta-analysis and systematic reviews support the use of intrasite vancomycin powder. [67] [68] [69] [70] However, there was conflicting evidence with a majority of pro-vancomycin powder level III retrospective cohort studies, 2 opposing level III retrospective cohorts, 7, 16 and 1 opposing level II RCT. 26 Many of these studies were limited by differences in study design, controls, and small sample sizes. Two studies do not support the use of topical vancomycin. Tubaki et al 71 reported a level II RCT comparing intravenous cefuroxime to vancomycin powder. The SSI was 1.68% and 1.61% for the control and treatment groups, respectively, which was not statistically different. Martin et al 72 compared SSIs in posterior cervical and lumbar spinal deformity surgeries and found no significant difference with the use of vancomycin powder.
Adverse events from topical vancomycin powder are rarely reported but include anaphylactic reaction, renal failure, and hearing loss. A concern in using vancomycin is selection of more virulent organisms. Ghobrial et al 73 reported a 5.1% incidence of SSI despite vancomycin powder use. Gram-positive organisms were seen in 80% of cases, which was no different than historical controls. Gram-negative organisms were seen 3 times more frequently than in controls, indicating a possible selection phenomenon.
Betadine Irrigation
Betadine is an antiseptic composed of polyvinyl pyrrilidine and triiodine ions. It has bactericidal activity against a broad spectrum of organisms, including MRSA and is used to disinfect skin, mucous membranes, and wounds. Betadine exhibits maximum effectiveness against pathogens as a dilution of 0.5% to 4%, with cytotoxicity occurring at concentrations greater than 5%. A prospective, single-blinded, randomized study by Cheng et al 74 evaluated the efficacy of wound irrigation with 3.5% Betadine solution in the prevention of deep SSIs in spine surgery. In 414 cervical and thoracolumbar surgeries, a significant reduction in deep SSIs was recognized with the added use of Betadine irrigation. No adverse events occurred as a result of irrigation with 3.5% Betadine, likely due to the solution being below the known toxic concentration of 5%. Overall, Betadine irrigation is an easy, fast, inexpensive form of SSI prophylaxis in spine surgery. However, further clinical research is important to better evaluate efficacy and possible side effects with its use.
C-arm Contamination
A common source of contamination in spine surgery is the use of a "C-arm" for intraoperative fluoroscopy. To maintain sterility, a sterile drape is placed over the portion of the machine that is subject to close contact with the operating field. Biswas performed a prospective study to assess sterility of C-arms at the end of 25 spine surgery cases. 75 Five areas of the C-arm were cultured immediately after drape application and at the end of surgery. One location (4%) was culture positive after immediate draping. All drapes were cultured at the end of the procedure and all areas were contaminated, with the upper areas of the C-arm being most frequently contaminated. The authors recommend these regions need to be considered nonsterile.
Antibiotic-impregnated Sutures
Another technique to reduce infection in spine surgery is the use of triclosan-coated polyglactin sutures, as opposed to conventional polyglactin sutures. When suture material is introduced in the surgical wound, bacteria can colonize it and thus increase wound infection rates. Triclosan-coated polyglactin suture (Vicryl-Plus; Ethicon, Inc., Somerville, New Jersey) is designed to limit bacterial colonization and further reduces tissue infection. Compared to standard suture (Vicryl; Ethicon, Inc., Somerville, New Jersey), triclosan-coated sutures prevent bacterial adherence and biofilm production and act to suppress growth in the surrounding area. A retrospective cohort by Ueno et al 30 reported a statistically significant reduction in postoperative spinal surgery wound infections with triclosan-coated suture compared to standard suture for fascia, muscle, and subcutaneous tissue closure. 76 They also evaluated cost effectiveness of this method of prophylaxis, since Vicryl-Plus sutures are much more expensive than standard Vicryl suture. An economic benefit was achieved if 1 SSI was prevented per 200 spine cases per year. This is a significant cost benefit and antibiotic-impregnated sutures should be considered as a useful tool in the prophylaxis against SSIs.
POSTOPERATIVE
Postoperative optimization of a patient's oxygenation and blood glucose and meticulous wound care are important in helping prevent SSI. Other maneuvers that may be effective, but that lack data on their efficacy, include hand hygiene when contacting patients and timely removal of intravenous or Foley catheters and wound drains. Four specific measures will be discussed below.
Oxygenation
The potential benefit of high-inspired oxygen concentrations to improve SSI incidence has been well studied, with a recent meta-analysis suggesting an overall significant treatment benefit with an RR reduction of 25%. 77 These data were drawn from 5 RCTs studying 3001 patients with the intervention being treatment-inspired oxygen concentration of 80%. Hovaguimian et al 78 conducted a meta-analysis specific for intraoperative highinspired oxygen fraction, reporting an RR reduction of 23% for SSI with further protective effects against nausea and vomiting. Hyperoxia is associated with increased functional capacity of the immune system, reflected by increases in whole blood oxygen partial pressure and monocyte-generated reactive oxygen species. 79 Maragakis et al 80 reported a spine surgery population, a case-control study of 208 patients, finding that intraoperative oxygen fraction of less than 50% was associated with a 12-fold increase in the likelihood of sustaining SSI.
Glucose Control
Hyperglycemia has been associated with adverse events during hospitalization for both critically ill as well as elective surgical patients. The associated poorer clinical outcomes likely represent a consequence of abnormal inflammatory cell activation and function, disordered coagulation, and altered myocardial ischemic preconditioning. [81] [82] [83] [84] Specific to SSI, the patient is rendered vulnerable from decreased neutrophil function, decreased intracellular bactericidal activity, and abnormal immunoglobulin glycosylation. There are significant data from other surgical subspecialty literature to support the management of perioperative hyperglycemia to decrease rates of SSI. [85] [86] [87] Lipshutz and Glopper 88 reviewed perioperative glycemic control and, while it is clear that hyperglycemia is deleterious, the optimal management paradigm remains uncertain. Their recommendations include addressing postoperative hyperglycemia, albeit with more conventional blood glucose target levels of less than 150 mg/dL as opposed to intensive or tight glycemic control (less than 110 mg/dL). The latter has been studied in the neurosurgical craniotomy population and does decrease the likelihood of infection and shortens intensive care unit length of stay, but does have more frequent deleterious hypoglycemic episodes. 87 Nevertheless, a recent systematic review reached the conclusion that there remains insufficient evidence that strict glycemic control is advantageous over conventional management for prevention of SSIs. 89 The recommendations also caution against the use of point-of-care glucose strip assays, with substantial differences noted compared with laboratory values, particularly at times of hypoglycemia or for the hypotensive or anemic patient.
Silver-impregnated Dressings
The antimicrobial properties of silver have been well documented against bacteria, fungi, and viruses, including against virulent strains such as methicillin-resistant S. aureus and vancomycin-resistant enterococci, 90 as well as the rising concern with P. acnes. 91 The mechanisms underlying this include binding to thiol enzymes, cell membranes, and nucleic acids with multifocal microbial injury including structural and functional abnormalities alongside inhibited cell division. Epstein 92 reported the use of silver-impregnated dressings in multilevel lumbar laminectomy with instrumented fusion patients. Among 128 patients receiving regular dressing, 11 superficial and 3 deep SSIs occurred. Conversely, among 106 patients with silverimpregnated dressing, neither superficial nor deep SSIs occurred. The incidence of pseudarthrosis was comparable in the 2 groups (4 and 3 patients, respectively). Incorporation of silver nanoparticles into orthopedic implants has also met with success in lowering rates of periprosthetic infection, although there remain concerns of cytotoxicity and genotoxicity of such agents in mammalian cells. 93 There have currently been no studies reporting the efficacy of silver-based dressings in the management of posterior cervical spine surgery. Together, these studies support future prospective investigations into defining the value of silverimpregnated dressings following spinal surgery.
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Wound Vacuum Dressing
The use of negative pressure wound therapy (NPWT) has been primarily implemented for open surgical sounds, filling the wound with gauze or foam after which the site is sealed to negative pressure. Complex postoperative spinal wound infections may benefit from such intervention, although complications can include persistence of infection requiring further debridement, further skin reconstructive strategies, or significant and potentially fatal bleeding. 95 Application of this therapy to closed incisions has been the topic of more recent investigation, although the mechanism of this benefit remains incompletely understood potentially including improved tissue perfusion, improved tissue oxygenation, and reduced wound edge tension. Gillespie et al 96 conducted a pilot RCT to evaluate the utility of NPWT among 70 elective hip arthroplasty patients, demonstrating only a 3% reduction in SSI incidence. In a meta-analysis of NPWT use across an array of different surgical procedures, Hyldig et al 97 reported that the use of NPWT was associated with significant reduction in wound infection and seroma formation. Among high-risk patients, Stannard et al 98 conducted an RCT of 263 randomized patients with lower extremity fractures showing SSI reduction from 19% to 9.7% using NPWT. Specific to spinal surgery, Nordmeyer et al 99 conducted a randomized study of 20 patients undergoing spinal fracture stabilization by internal fixation, finding that NPWT was associated with lower volume of postoperative seroma by ultrasound alongside lowered overall wound care and compressive dressing application than conventional dressings. 99 
CONCLUSION
Prevention of SSI should be paramount among all personnel. The most common pathogens are gram-positive organism, which are endogenous, thus brought to the hospital by the patient. Bundled approaches combining many tactics at all phases of care are essential to reducing SSI. Many factors should be addressed including preoperative optimization, screening and eradication for staphylococcus organism, effective prophalactic antibiotic use, and skin antisepsis. Newer methods such as vancomycin powder and Betadine solution, antibiotic coated suture, and special wound dressings need further research.
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